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ABSTRACT 

The performance of a dua l  purpose expendable cryo- 
g e n i c  s t a g e  was ca l cu la t ed .  Such a s t a g e ,  c a l l e d  stage x ,  
could s e r v e  as e i t h e r  t h e  f i r s t  s t a g e  of a two s t a g e  v e h i c l e  
t h a t  uses  t h e  SIVB as a second s t a g e  o r  as t h e  second s t a g e  
of t h e  space s h u t t l e .  I n  the f i r s t  case it would be  an i n t e r i m  
replacement of t h e  Sa tu rn  V;  i n  t h e  second, a f i n a l  replacement. 

Limit ing t h e  weight of stage x p l u s  payload t o  t h e  
weight of a s tandard  o r b i t e r  r e s u l t s  i n  a payload of 2 2 8 , 0 0 0  l b  
us ing  a 50 ,000  l b  payload s h u t t l e  boos t e r  o r  146,000 l b  us ing  
a 2 5 , 0 0 0  l b  payload s h u t t l e  boos te r .  However, when this same 
s t a g e  x i s  used as a boos te r  wi th  a modified SIVB as second s t a g e ,  
t h e  payload t o  e a r t h  o r b i t  i s  only 7 2 , 0 0 0  l b  o r  5 4 , 0 0 0  l b  
r e s p e c t i v e l y .  

Extending t h e  performance c a l c u l a t i o n s  t o  cover a 
w i d e  range of stage x weights i n d i c a t e s  t h a t ,  if the boos te r  
v e h i c l e  i s  capable  of car ry ing  a second s t a g e  t h a t  i s  heav ie r  
t han  t h e  s tandard  o r b i t e r ,  a dua l  purpose high m a s s  f r a z t i o n  
cryogenic  s t a g e  i s  f e a s i b l e .  The 2 5 , 0 0 0  l b  s h u t t l e  bods t e r  
and a s t a g e  x of 800,000 l b  gross  weight would p u t  a 1*70,000 
l b  payload i n  e a r t h  o r b i t .  
9 5 , 0 0 0  l b  i n  e a r t h  o r b i t  when used wi th  a modified SIVB second 
s t a g e .  

This same s t a g e  would p l ace  up t o  
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INTRODUCTION 

Space S h u t t l e  concepts have been b u i l t  around r e q u i r e -  
ments f o r  2 5 , 0 0 0  l b  and 5 0 , 0 0 0  l b  t o  2 7 0  nm,  55" e a r t h  o r b i t  
and t h e  use of t w o  s t a g e  reusable  v e h i c l e s .  I n  both cases 
it has been suggested t h a t  payload l i m i t s  may be increased  
by r e p l a c i n g  t h e  r eusab le  o r b i t e r  s t a g e  wi th  an expendable 
s t a g e .  S ince  t h e  s h u t t l e  o r b i t e r ' s  m a s s  f r a c t i o n  i s  l o w ,  
about  0 . 6 8 ,  an expendable high m a s s  f r a c t i o n  s t a g e  could 
e a s i l y  provide payloads i n  excess of 1 0 0 , 0 0 0  l b .  Although 
t h i s  could be accomplished w i t h  t h e  SIvB s t a g e ,  a s tudy  
desc r ibed  i n  r e fe rence  1 showed t h a t  t h e  low t h r u s t  t o  
weight r a t i o  of t h e  SIVB n e c e s s i t a t e s  launch t r a j e c t o r i e s  
which r e s u l t  i n  much g r e a t e r  r een t ry  g loading,  h e a t i n g  
ra te ,  and f lyback range f o r  t h e  boos t e r .  Modifying t h e  
launch t r a j e c t o r y  t o  c o r r e c t  f o r  t h e s e  problems reduces 
t h e  t h e o r e t i c a l  payload by as much as 25 t o  30 pe rcen t .  

The fol lowing descr ibes  t h e  use of a dua l  purpose 
expendable cryogenic  stage. T h i s  s t a g e ,  c a l l e d  s t a g e  x ,  
could conceivably be e i t h e r  the f i r s t  s t a g e  of a t w o  s t a g e  
v e h i c l e  t h a t  uses  t h e  S I V B  as second s t a g e  or t h e  second 
s t a g e  of a s h u t t l e .  
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I n  t h e  f i r s t  ca se  it could be an i n t e r i m  replacement 
of t h e  Sa turn  V f o r  launching l a r g e  payloads i n  o r b i t ;  i n  t h e  
second, a f i n a l  replacement.  

STAGE X PERFORMANCE 

The performance c a l c u l a t i o n s  w e r e  based on a s t a g e  x 
m a s s  f r a c t i o n  X = 0 .88  and a s p e c i f i c  impulse I (vac) = 465  

sec. The S I V B  s t a g e  w a s  a l s o  assumed t o  have an I (vac) = 

465  sec; i.e. t h e  J-2 engine i s  replaced wi th  t h e  s h u t t l e  high 
p res su re  engine,  b u t  t h e  t a n k  s i z e  i s  unchanged. The r e s u l t s  
of t h e  c a l c u l a t i o n s  a r e  shown a s  dashed curves on F i g u r e  1 on 
which payload i s  p l o t t e d  vs  t h e  i n i t i a l  weight of s t a g e  x f o r  
var ious  v e h i c l e s .  The top curve r ep resen t s  t h e  performance of 
a v e h i c l e  c o n s i s t i n g  of t h e  General Dynamics 5 0 , 0 0 0  l b  s h u t t l e  
boos te r  (Reference 2 )  and s t age  x used as a second expendable 
s t a g e .  For convenience i t  w i l l  be r e f e r r e d  t o  a s  the 5 0 , 0 0 0  l b  
s h u t t l e  curve.  The second curve was obtained by using s t a g e  x 
w i t h  t h e  General Dynamics 25,000 l b  s h u t t l e  boos t e r .  I t  w i l l  
b e  r e f e r r e d  t o  a s  t h e  25,000 l b  s h u t t l e  curve.  The lowest  
curve r ep resen t s  a v e h i c l e  using s t a g e  x as f i r s t  s t a g e  and t h e  
S I V B  a s  second s t age .  I t  w i l l  be  c a l l e d  t h e  S I V B  curve.  

SP 
SP 

Ca lcu la t ions  r e s u l t i n g  i n  t h e s e  three curves a r e  based 
on a t o t a l  i d e a l  AV = 30350 f t / s e c ,  a f i g u r e  obtained from t h e  
weight  r a t i o s  and vacuum I values  of t h e  General  Dynamics 
25,000 and 50,000 l b  payload s e q u e n t i a l  burn s h u t t l e s  t o  a 260 
nm, 55' i n c l i n a t i o n  o r b i t  as given i n  Reference 2 .  

SP 

Poin t s  A on both t h e  25,000 and the 50,000 l b  s h u t t l e  
curves  r ep resen t  a s t a g e  x of such a s i z e  t h a t  i t s  weight to -  
g e t h e r  wi th  t h e  payload i s  t h e  same a s  t h a t  of t h e  r e s p e c t i v e  
s tandard  o r b i t e r s .  A s t a g e  x of t h a t  s i z e  would make it pos- 
s i b l e  t o  f l y  t h e  same t r a j e c t o r y  as would t h e  s tandard  s h u t t l e .  
The payload i s  2 2 6 , 0 0 0  l b  with t h e  5 0 , 0 0 0  l b  s h u t t l e  boos t e r  
and 1 4 6 , 0 0 0  l b  with t h e  25 ,000  boos te r .  When used wi th  t h e  
S I V B  a s  a second s t a g e ,  s t age  x i s  capable  of d e l i v e r i n g  a pay- 
load of only 5 4 , 0 0 0  l b  and 72,000 l b  r e s p e c t i v e l y .  

I t  was next  assumed t h a t  s t a g e  x p lus  payload, when 
used wi th  t h e  s h u t t l e  boos te r ,  could weigh more than  t h e  s tand-  
a rd  o r b i t e r  s t age .  The s t age  x s i z e  t h a t  provides  t h e  optimum 
AV s p l i t  between t h e  two s tages  i . e .  t h e  m i n i r n i i m  qrnss l i f t n f f  
weight f o r  a given payload, was determined by t h e  method de- 
s c r i b e d  i n  Reference 3 f o r  each case  and i s  i n d i c a t e d  on each 
curve by p o i n t  B. I t  i s  s e e n  t h a t  t h e  p o i n t  B v e h i c l e s  and pay- 
loads  a r e  much l a r g e r  than those of p o i n t  A .  
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As mentioned previous ly  t h e  performance c a l c u l a t i o n s  
r ep resen ted  by t h e  dashed curves assume a t o t a l  i d e a l  AV va lue  
de r ived  from t h e  weight ra t ios  of t h e  s h u t t l e .  This imp l i e s  
t h a t  a long  these curves t h e  Av losses are cons t an t .  The l o s s e s  
c o n s i s t  p r i m a r i l y  of g r a v i t y  l o s s e s ,  which are in f luenced  by 
t h e  t h r u s t  t o  weight  r a t i o .  As stage x i n c r e a s e s  i n  s i z e ,  i t s  
t h r u s t  may be assumed t o  inc rease  correspondingly.  Therefore ,  
second s t a g e  t h r u s t  t o  weight r a t i o  f o r  t h e  upper t w o  curves  
and first s t a g e  t h r u s t  t o  w e i g h t  r a t io  of t h e  lower curve can 
be maintained c o n s t a n t  as stage x weight  i n c r e a s e s .  If t h e  
t h r u s t  of t h e  boos te r  and t h e  t h r u s t  of t h e  SIVB w e r e  t o  in -  
c r e a s e  a p p r o p r i a t e l y  w i t h  i nc reas ing  s t a g e  x weight,  t h e  pay- 
load  c a l c u l a t i o n  r ep resen ted  by t h e  dashed curves would be 
exac t .  I n  r e a l i t y ,  t he  weight and t h r u s t  of t h e  SIVB and 
t h e  b o o s t e r  are f i x e d ,  and AV losses would be somewhat 
d i f f e r e n t  from those  used i n  the  t h e o r e t i c a l  c a l c u l a t i o n s .  
T h i s  d i f f e r e n c e  i n  performance due t o  t h e  decreas ing  booster 
t h r u s t  t o  weight  r a t i o  as stage x weight  i n c r e a s e s  w a s  de- 
termined f o r  t h e  25,000 l b  s h u t t l e  by running a f e w  a c t u a l  
t ra jector ies .  The s o l i d  l i n e  ACD depa r t ing  from p o i n t  A 
on the 25,000 l b  s h u t t l e  curve r e p r e s e n t s  these c a l c u l a t i o n s .  
T h e  l i f t o f f  t h r u s t  t o  weight r a t i o ,  which i s  1 . 4  f o r  t h e  
convent iona l  s h u t t l e  v e h i c l e  and a t  p o i n t  A ,  decreases  t o  
1 .3  a t  p o i n t  C and t o  1 . 2  a t  po in t  D. I t  i s  be l i eved  t h a t  
p o i n t  D approaches t h e  lowest  p r a c t i c a l  l i m i t  f o r  l i f t o f f  
t h r u s t  t o  weight ra t io .  I t  corresponds t o  a s t a g e  x weight 
of 820,000 l b  p l u s  a payload weight of 1 7 0 , 0 0 0  lb, or  a 
t o t a l  of almost 1 , 0 0 0 , 0 0 0  lb t o  be c a r r i e d  by the  booster 
which i s  almost t w i c e  t h e  normal weight of t h e  orb i te r .  
T h i s  s i z e  s t a g e  x i s  very c lose  t o  t h a t  p rovid ing  t h e  
optimum AV s p l i t  w i t h  t he  SIVB second s t a g e  ( p o i n t  B on 
t h e  SIVB c u r v e ) .  I n  t h a t  case it provides  a payload of 
95 ,000  l b .  

F i n a l l y ,  t o  p u t  these  c a l c u l a t i o n s  w i t h i n  t h e  
framework of o t h e r  s t u d i e s ,  t h e  r e s u l t s  of t h e  S I V B  per-  
formance a s  a second s t a g e  for  t h e  s h u t t l e  b o o s t e r  are 
shown as p o i n t  E .  The t w o  p o i n t s  i n d i c a t e  t h e  payload 
w i t h  t h e  25,000 and 50,000 l b  s h u t t l e  boos t e r  as given 
i n  Reference 1. Since  t h e  SIVB cons idered  i n  Reference 1 
has an I of only 4 2 6  sec, t h e  p o i n t s  a r e  lower than  t h e  

e x t r a p o l a t e d  dot ted  curves.  Also,  a s  expla ined  i n  Ref- 
e r ence  t h e  optimum t r a j e c t o r y  r e p r e s e n t a t i v e  of t h e  

b o o s t e r  e n t r y ,  t h a t  non-optimum trajector ies  had t o  be 
used t h u s  degrading t h e  payload t o  a va lue  r ep resen ted  
by t h e  t i p  of t h e  arrows. 

SP 
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A s  another  example, an o f f loaded  S I 1  s t a g e  was used 
wi th  t h e  25,000 l b  s h u t t l e  boos t e r .  I t  i s  represented  as p o i n t  
F. I n  t h i s  case, which e s s e n t i a l l y  corresponds t o  one cons idered  
i n  a pre l iminary  MSFC s tudy,  t h e  c e n t e r  engine of t h e  S I 1  s t a g e  
i s  r ep laced  by an RL-10 t o  provide low t h r u s t  c a p a b i l i t y  f o r  
o r b i t  changes. 
t o  main ta in  a 1.25 l i f t o f f  t h r u s t  t o  w e i g h t  r a t i o .  Propuls ion  
w a s  cons idered  t o  be provided by convent iona l  J -2  engines  w i t h  
I = 4 2 6  sec. The aerodynamic e n t r y  g-load on t h e  b o o s t e r  f o r  

SP 
t h i s  case i s  5.23 wi thout  p i t c h  modulation. 

Some p r o p e l l a n t  i s  of f loaded  i n  such a way as 

CONCLUSIONS 

Assuming t h a t  t h e  boos te r  can c a r r y  a load t h a t  
i s  heav ie r  t han  t h e  s tandard  o r b i t e r ,  a dua l  purpose h igh  
m a s s  f r a c t i o n  cryogenic  s t a g e  i s  f e a s i b l e .  

With t h e  25,000 l b  s h u t t l e  boos t e r ,  a s t a g e  x of 
over  8 0 0 , 0 0 0  l b  would s t i l l  have a l i f t o f f  t h r u s t  t o  weight  
r a t i o  of 1 . 2 .  
1 7 0 , 0 0 0  l b  i n  e a r t h  o r b i t .  The same s t a g e  x with  an SIVB 
s t a g e  would d e l i v e r  a payload of 95 ,000  l b .  Correspondingly 
h ighe r  payloads might be achieved wi th  t h e  50,000 l b  s h u t t l e  
booster. 

Such a v e h i c l e  would p u t  payloads of over 

1 0  13- J JS- k l e  
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